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We investigate the J1-J2 Heisenberg model on the triangular lattice with an additional scalar chirality term
and show that a chiral spin liquid is stabilized in a sizeable region of the phase diagram. This topological
phase is situated in between a coplanar 120◦ Ne´el ordered and a non-coplanar tetrahedrally ordered phase.
Furthermore we discuss the nature of the spin-disordered intermediate phase in the J1-J2 model. We compare
the groundstates from Exact Diagonalization with a Dirac spin liquid wavefunction and propose a scenario
where this wavefunction describes the quantum critical point between the 120◦ magnetically ordered phase and
a putative Z2 spin liquid.
Introduction — The emergence of quantum spin liquids
in frustrated quantum magnetism is an exciting phenomenon
in contemporary condensed matter physics [1]. These novel
states of matter exhibit fascinating properties such as long-
range groundstate entanglement [2, 3] or anyonic braiding
statistics of quasiparticle excitations, relevant for a poten-
tial implementation of topological quantum computation [4].
Only very recently such phases have been found to be stabi-
lized in realistic local spin models [5–19].
Triangular lattice Heisenberg models are a paradigm of
frustrated magnetism. Although the Heisenberg model
with only nearest neighbour interaction is known to stabi-
lize a regular 120◦ Ne´el order [20–23] adding further in-
teraction terms may increase frustration and induce mag-
netic disorder to the system. Experimentally, several ma-
terials with triangular lattice geometry do not exhibit any
sign of magnetic ordering down to lowest temperatures
[24–27]. These include for example the organic Mott in-
sulators like κ− (BEDT− TTF)2Cu2(CN)3 [24, 25] or
EtMe3Sb[Pd(dmit)2]2 [26, 27] and are thus candidates re-
alizing spin liquid physics.
Historically Kalmeyer and Laughlin [28] introduced the
chiral spin liquid (CSL) state on the triangular lattice. This
state closely related to the celebrated Laughlin wavefunction
of the fractional quantum Hall effect has recently been shown
to be the ground state of several extended Heisenberg models
on the kagome´ lattice [5–7, 9]. The question arises whether a
CSL can indeed be realized on the triangular lattice as orig-
inally proposed. In a recent study [10] this was shown for
SU(N ) models for N ≥ 3. In this letter we provide conclu-
sive evidence that indeed the CSL is stabilized in a spin-1/2
Heisenberg model upon adding a further scalar chirality term
Jχ~Si · (~Sj × ~Sk) similar as in Refs. [6–8, 10]. Such a term
can be realized as a lowest order effective Heisenberg Hamil-
tonian of the Hubbard model upon adding Φ flux through the
elementary plaquettes [6, 29], either via a magnetic field or
by introducing artificial gauge fields in possible cold atoms
experiments [30, 31]. The coupling constants then relate to
the Hubbard model parameters t and U as J1 ∼ t2/U and
Jχ ∼ Φt3/U2 where J1 (resp. Jχ) is the nearest neighbour
Heisenberg (resp. scalar chirality) coupling.
Another open question in frustrated magnetism of the trian-
gular lattice is the nature of the intermediate phase in the phase
diagram of the S = 1/2 Heisenberg model with added next-
nearest neighbour couplings around J2/J1 ≈ 1/8. Several
authors [20, 32, 33] found a spin disordered state. Recently
several numerical studies [34–38] proposed that a topological
spin liquid state of some kind might be realized in this regime.
The exact nature of this phase yet remains unclear. In this
Letter we advocate the presence of a O(4)∗ quantum critical
point [39–41] separating the 120◦ Ne´el order from a putative
Z2 spin liquid. The diverging correlation length at this quan-
tum critical point and the neighbouring first order phase tran-
sition into the stripy collinear magnetic ordered phase render
the unambiguous identification of the intermediate spin liquid
phase challenging however.
Model — We investigate the Heisenberg model with near-
est and next-nearest neighbour interactions with an additional
uniform scalar chirality term on the triangular lattice
H = J1
∑
〈i,j〉
~Si · ~Sj + J2
∑
〈〈i,j〉〉
~Si · ~Sj+
Jχ
∑
i,j,k∈4
~Si · (~Sj × ~Sk)
(1)
where we set J1 ≡ 1 and consider J2, Jχ ≥ 0. Amongst a
120◦ Ne´el order, a stripy and a tetrahedral magnetic order we
FIG. 1. Approximate T = 0 phase diagram of the J1-J2-Jχ model
on the triangular lattice, c.f. Eq. (1). The extent of phases is inferred
from excitation spectra from ED on a periodic 36 sites triangular
simulation cluster, see main text for details.
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2find a CSL being realized in an extended region of the phase
diagram in Fig. 1. A first study of the classical phase diagram
for Jχ = 0 [20] found a three sublattice 120◦ Ne´el ordered
groundstate for J2 < 1/8 whereas for 1/8 < J2 < 1 a two-
parameter family of magnetic ground states with a four-site
unit cell was found [32]. Two high-symmetry solutions within
this manifold are a two-sublattice collinear stripy magnetic or-
der breaking lattice rotation symmetry and a tetrahedral non-
coplanar state with a uniform scalar spin chirality on all tri-
angles. Taking into account quantum fluctuations by applying
spin-wave theory, large-S perturbation theory and ED studies
[20, 32, 33] the degeneracy is lifted by an order-by-disorder
mechanism. The true quantum groundstate for J2 & 0.18 ex-
hibits stripy Ne´el order. Yet the behaviour of the system close
to the classical phase transition point J2 = 1/8 has not been
fully understood.
Phase diagram — We performed ED calculations on a
Ns = 36 sites simulation cluster with periodic boundary con-
ditions to investigate ground state properties and order param-
eters of the model (1). We have also checked selected results
on smaller clusters, but the Ns = 36 cluster is particularly
well suited because this single cluster can harbour all phases
which we were able to detect.
We present the approximate phase diagram in Fig. 1 based
on the quantum numbers of the ground state level and the first
excited state. The groundstate is always in the Γ.A1 repre-
sentation (except in the stripy phase where Γ.A1 and the two
Γ.E2 sectors are almost degenerate). The symmetry sector of
the first excited state determines the phase. Orange: S = 1
K.A1 (120◦ Ne´el) Light blue: S = 0 Γ.E2b (CSL), Green:
S = 0 Γ.E2a,Γ.E2b degenerate (Dirac/Z2 spin liquid), Dark
Blue: S = 0 Γ.A1, Γ.E2a, Γ.E2b degenerate (stripy magnetic
order), Dark red/Light red: S = 1 M .A / S = 0 Γ.E2a (tetra-
hedral magnetic order) For the magnetically ordered phases
these quantum numbers follow from a standard tower of states
symmetry analysis [42, 43]. The spectral phase diagram is fur-
ther corroborated by the analysis of relevant order parameters
and variational energies of model wave functions, c.f. Fig. 2,
where the agreement is striking. We now proceed to a detailed
discussion of the phases and the corresponding order parame-
ters.
120◦ Ne´el order: At the Heisenberg point J2 = Jχ = 0
the system exhibits 120◦ Ne´el order [33] for which the static
spin structure factor S(q) = |∑j eiq(rj−r0)〈~Sj · ~S0〉|2/Ns is
peaked at the K-point in the Brillouin zone [44]. The An-
derson tower of states for this ordering [21] yields spin-1 ex-
citations with symmetry sectors K.A1 and Γ.B2. In the or-
ange region in Fig.1 the first excited state is a triplet and be-
longs to the K.A1 representation. Here also the structure fac-
tor of the groundstate evaluated at the K-point is peaked, cf.
Fig. 2. Thus this region determines the approximate extent of
the 120◦ Ne´el phase.
Stripy order is characterized by spins aligned ferromagnet-
ically along one direction of the triangular lattice and antifer-
romagnetically along the other two (c.f. illustration in Fig. 1).
It breaks SU(2) spin rotation symmetry and discrete lattice ro-
FIG. 2. Order parameters and variational energies of model wave-
functions. Left: static spin structure factor S(q). evaluated at K and
M point. Middle: nematic order parameterN as in Eq. (2) and (dis-
connected) scalar chirality correlation X as in Eq. (3) Right: Varia-
tional energies  = (Emodel−EED)/EED for the chiral and Dirac spin
liquid.
tation symmetry. According to [20, 32, 33] the stripy order
is stabilized for Jχ = 0 and J2 & 0.18. The groundstate in
the singlet sector is expected to be threefold degenerate with
corresponding irreducible representations in the Γ.A1 and the
two dimensional Γ.E2 singlet sectors [33]. The area where
those three states are nearly degenerate is coloured dark blue
in Fig. 1. The spin structure factor S(q) is peaked at the M -
point for both the stripy and the tetrahedral phase [44]. We
computed the nematic order parameter
N =
∑
(i,j)‖(0,1)
〈(
~S0 · ~S1
)(
~Si · ~Sj
)〉
c
(2)
as a sum over nearest neighbour connected dimer-dimer cor-
relations where only parallel and non-overlapping dimer con-
figurations are considered, Fig. 2. The region where this or-
der parameter is large coincides with the dark blue region in
Fig. 1, hence, the approximate extent of the stripy phase.
Tetrahedral order is a non-coplanar regular magnetic or-
der [8, 44, 45]. The spins in a four-site unit cell are arranged
in a way that their orientations form a tetrahedron and span a
finite volume on each triangle. The expectation value of the
scalar chirality is thus non-zero and uniform for the classical
spin configuration. This implies significant summed scalar
chirality correlations
X =
∑
(i,j,k)∈4
〈
χ(0,1,2) · χ(i,j,k)
〉
(3)
where χ(i,j,k) = ~Si · (~Sj × ~Sk) and the sum runs over all
non-overlapping triangles. Tetrahedral order is classically de-
generate with the stripy order when Jχ = 0 and 1/8 < J2 < 1
[20, 32, 33]. Therefore we expect that this state will be ener-
getically favored over the stripy phase upon adding a scalar
chirality term in the Hamiltonian. The tetrahedral state does
3not break lattice rotation symmetry and the nematic order pa-
rameter (2) is relatively small in Fig. 2. We find a sharp transi-
tion between the nematic order parameter and scalar chirality
correlations. Moreover a level crossing at a finite angle in
the excitation spectra strongly indicates that this is a first or-
der phase transition. Tower of states analysis predicts that the
S = 1 levels belong to the irreducible representation M .A. In
most of the region where both the structure factor at M and
the summed scalar chirality correlations X are large we find
that the first excited level above the groundstate belongs to
this representation. This region is coloured dark red in Fig 1.
Close to the stripy phase we observe that the first excited level
is a S = 0 Γ.E2a level, shown as the light red region in Fig. 1.
We believe that this level is an artifact of the finite size sample
and is related to the order by disorder mechanism. In neither
of the groundstate correlation functions we can see a differ-
ence between the light red region and the red region and thus
conclude that also this region belongs to the same tetrahedral
phase.
Chiral Spin Liquids — are spin disordered chiral topo-
logical states. Hallmark features of this phase are the topol-
ogy dependent ground state degeneracy, long-range entan-
glement, abelian anyonic excitations and gapless chiral edge
modes. Several instances of this phase have recently been
found in local spin models [5–15]. It has been understood
that a representative lattice model wave function for the CSL
is provided by Gutzwiller projected parton wavefunctions
(GPWF) with a completely filled parton band with Chern
number ±1 [7, 10, 46, 47]. We observe no strong magnetic
structure peak in between the 120◦ Ne´el order and the tetra-
hedral, cf. Fig. 2. Therefore a spin disordered state is formed
in a sizeable intermediate region. The summed scalar chiral-
ity correlations X in Fig. 2 are relatively large in this regime
compliant with the fact that here a CSL with a uniform chiral-
ity is formed. We will now show conclusive evidence that this
is indeed the case. We do so by constructing two GPWFs de-
scribing the two topological sectors of the chiral spin liquid on
the torus and by computing their overlaps with the two lowest
lying exact eigenstates from ED, similarly as in refs. [7, 10].
In Fig. 3 we show energy spectra for a horizontal cut in the
phase diagram at Jχ = 0.24. The first excited level above the
groundstate for J2 . 0.16 belongs to the irreducible represen-
tation Γ.E2b. The region where this representation is the first
excited state is colored light blue in Fig. 1. The parton tight
binding model for the GPWFs we choose has a two-site unit
cell on the triangular lattice with pi/2 flux through the trian-
gles. This yields a bandstructure with two bands with Chern
numbers ±1. The groundstate of this tight binding model at
half filling is given by filling the orbitals of the lower band.
After Gutzwiller projection such a state has been shown to
yield a CSL wavefunction [7, 10, 48, 49]. To construct the
topological partner of the CSL wavefunction the phases in the
tight-binding model before projection can be tuned such that
locally the flux through each triangle remains pi/2 while the
flux through incontractible loops around the torus changes.
The set of fluxes can be chosen arbitrarily, yet after Gutzwiller
FIG. 3. Excitation spectra of the model (1) from ED for Jχ = 0.24
and overlaps with the two CSL wavefunctions on a 36 site cluster.
Full (empty) symbols denote even (odd) spin levels, different types
of symbols denote different space-group representations. We find
overlaps OαGW−ED as in Eq. (4) up to 0.92.
projection these states only form a two dimensional space.
This can be verified by computing the overlap matrix for sev-
eral GPWFs with different fluxes through the torus. Indeed we
find that thereby the rank of the overlap matrix is 2 with a nu-
merical precision of ∼ 10−3 [48]. We chose two out of these
wave functions spanning the CSL subspace and compute the
overlaps with the lowest two numerical eigenstates from ED.
We find that these two model wave functions |ψαGW〉 yield very
high overlaps
OαGW−ED ≡
∣∣〈ψ0ED|ψαGW〉∣∣2 + ∣∣〈ψ1ED|ψαGW〉∣∣2 (4)
with the two lowest lying eigenstates of ED of up to 0.92 [50].
In Fig. 3 we plot the square overlap | 〈ψnED|ψαCSL〉 |2 with the
respective exact eigenstate (n) as the diameter of the red
(α = 1) and light blue (α = 2) circles. The overlaps are
large where the first excited state is in the Γ.E2b representa-
tion and quickly decay afterwards. This region coincides ap-
proximately with the region where the CSL model wave func-
tion has a low variational energy in the upper right panel of
Fig. 2. We note that the CSL phase in this phase diagram
is located near a tetrahedral magnetic phase, reminiscent of
a recent study of a frustrated honeycomb spin model [8]. It
would be interesting to investigate the nature of the phase tran-
sitions from the tetrahedral [8] and the 120◦ Ne´el phases into
the CSL. Finally a recent purely variational study [49] also
found evidence for a CSL in our model for selected values of
J2 and Jχ.
Spin disordered state in the J1−J2 Heisenberg model —
We now turn to the time-reversal invariant J1−J2 line with
Jχ = 0. A number of recent numerical works [34–38] in-
volving flavors of variational Monte Carlo (VMC) [34, 38]
and Density Matrix Renormalization Group (DMRG) tech-
niques [35–37] found a spin disordered region between the
120◦ magnetic order region and the stripy magnetic order at
larger J2/J1. Multiple candidate phases for this intermedi-
ate parameter range have been proposed, without a consen-
sus so far. Whereas Ref. [35] proposes a gapped spin liq-
4FIG. 4. ED spectra for Jχ = 0 and spectral decomposition of several
model wavefunctions for J2 = 0.12 and J2 = 0.15. Full (empty)
symbols correnspond to even (odd) spin. The diameter of the poles is
proportional to the squareoverlap | 〈ψED|ψModel〉 |2. Besides the CSL
and Dirac spin liquid wavefunctions the three wavefuncitons denoted
by Γ.A1, Γ.A2 and Γ.E2b are the groundstates in the respective sym-
metry sectors at J2 = 0.3.
uid phase, Ref. [34] proposes an extended gapless ASL state.
In Ref. [37] it was argued that a CSL and a Z2 spin liquid
are competing in the low energy sector in the intermediate
region 0.07 . J2 . 0.15. Ref [38] compared variational
energies of several Z2 spin liquids based on Gutzwiller pro-
jected wave functions. Interestingly they find that among all
of these wavefunctions the lowest energy is not attained by
a state with Z2 structure, but rather by a model whose band
structure features gapless Dirac-like excitations before projec-
tion (see supp. mat. and Refs. [38, 51]). After projection this
state is called Dirac Spin Liquid (DSL) and Ref. [38] finds an
extended gapless region described by a dressed wave function
of the DSL kind.
In order to shed light on this open question we present the
detailed energy spectrum of the Ns = 36 site cluster along
the Jχ = 0 line in the top panel of Fig. 4. In the small J2
region the first few levels are in agreement with the tower of
state expectations for the 120◦ Ne´el state [21], and similarly
at the largest J2 values shown for the stripy collinear magnetic
order [33] [52].
Focusing on the intermediate region 0.08 . J2 . 0.16
we would expect to see an approximate four-fold ground state
degeneracy in either a non-chiral Z2 spin liquid or two time-
reversal related copies of a CSL as in Refs. [5, 7]. This is
not the case for our system size. An additional complication
comes from the observation that some of the low-lying levels
in the spin liquid region seem to be states which become the
ground state or low-lying levels in the stripy collinear region
across the first order transition around J2 ∼ 0.16. This illus-
trated by calculating overlaps of several low-lying eigenstates
at J2 = 0.3 with the eigenstates at J2 = 0.12 (J2 = 0.15)
displayed in the lower left (right) panel of Fig. 4.
FIG. 5. Overlaps of DSL wavefunction with ED eigenstates
and decay of spin-spin and twist-twist corralation functions〈
(~S0 × ~S1) · (~Si × ~Sj)
〉
of the DSL from VMC on a 144 sites lat-
tice. The maximum ground state overlap is attained at J2 = 0.1. The
correlations decay algebraically over distance.
Given the rather low variational energy of the DSL and to a
lesser extent of the CSL model wave functions as shown in the
right part of Fig. 2 (and for the DSL in Refs. [34, 38]) we also
compute the decomposition of these model wave functions
onto the exact ED eigenstates for J2 = 0.12 and J2 = 0.15,
as shown in the lower part of Fig. 4. At J2 = 0.12 the ground
state has a sizeable overlap with the DSL model wave function
of 0.56. Furthermore when going up to energies of about 0.6,
we can also find four states which have non-vanishing overlap
with the two different topological sectors of the CSL model
wave functions, although the integrated weight is lower than
for the DSL state. This might explain the findings of Ref. [37]
and is due to the reported CSL stabilized at finite but small Jχ.
In the future one should also explore overlaps with a Z2 spin
liquid model wave function in order to address the propensity
to this kind of spin liquid on an equal footing the other model
wave functions.
We have then explored the overlap of the exact ED ground
state with the DSL model wave function in a larger range of J2
couplings and observe the overlap to be maximal in the vicin-
ity of the putative 120◦ Ne´el to spin liquid quantum phase
transition around J2 ∼ 0.08 in Fig. 5. Motivated by this ob-
servation we have explored correlation functions in the DSL
model wave function and we find likely power-law correlation
functions which peak at the K point in reciprocal space (con-
sistent with Refs. [34, 38]). We also investigated the spin vec-
tor chirality (twist) correlations and find them to exhibit likely
power-law correlations with a real space pattern in agreement
with the (ordered) pattern in the 120◦ Ne´el ordered phase cf.
Fig. 5.
These nontrivial observations motivate us to conjecture that
the DSL wave function should not be considered as a model
wave function for an extended ASL region, but instead as a
lattice wave function correctly describing the long-distance
properties the quantum critical point out of the 120◦ Ne´el state
into a spin liquid. The O(4)∗ theory [39–41] is a strong con-
tender describing this transition. Let us put this advocated
picture into a broader context: It is believed that Gutzwiller
projected wave functions of partons with SU(N) symmetry
and a band structure with nD Dirac points correspond to a lat-
tice realization of QED3: i.e. Nf = N × nD two-component
5Dirac fermions coupled to a compact U(1) gauge field in 2+1
D. It has been shown that in the limit of sufficiently large
Nf there are no relevant operators in the theory [53, 54], and
therefore this wave function is representative for an extended
ASL region at large Nf . For small Nf < N cf on the other
hand one expects QED3 to become confining in general. The
DSL wave function with its power-law decaying correlation
functions could then describe a (multi)critical conformal field
theory fixed point in between confining phases. The precise
value for N cf is not known, although recent work [55] bounds
N cf . 10. In the particular case of the DSL on the triangular
lattice we have N = 2 and nD = 2 resulting in Nf = 4,
substantially lower than the presently known bound. There is
also an earlier observation in Ref. [56] that a differentNf = 4
DSL on the honeycomb lattice describes rather accurately the
deconfined quantum critical point [57] between collinear Ne´el
order and a VBS phase, giving further evidence that Nf = 4
DSLs should perhaps be seen as fixed point wave functions
for exotic quantum critical points.
The quantum critical scenario naturally comes with diver-
gent correlation lengths, which could be an explanation for the
so far missing clear ground state degeneracy both in DMRG
and ED. Using couplings frustrating both the 120◦ and the
stripy Ne´el orders, it might be possible to widen the spin-
liquid region and to reduce the correlation lengths to numer-
ically accessible scales, allowing to identify the spin liquid
unambiguously. It would also be interesting to understand
whether the CSL touches the Jχ = 0 line at the quantum crit-
ical point.
Conclusion— We established the phase diagram of an ex-
tended Heisenberg model on the triangular lattice. Amongst
several magnetic orderings we found a chiral spin liquid phase
in an extended region. For the spin disordered region for
Jχ = 0 we found that the DSL has sizeable overlap with ED
groundstates. We proposed a scenario where this wavefunc-
tion is the quantum critical wavefunction at a transition from
magnetic 120◦ Ne´el order into a putative spin liquid phase.
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Remarks on Exact Diagonalization calculations: The
simulation cluster we use in our calculations is the 6 × 6 tri-
angular lattice in Fig. 6 with sixfold rotational and reflection
symmetry. Thus the pointgroup is the full dihedral group of
order 12, D6. The momentum space in Fig. 6 of this cluster
features the K as well as the M point and is thus capable of
stabilizing 120◦, stripy and tetrahedral order.
FIG. 6. Geometry and Brilluoin zone of simulation cluster with
Ns = 36 used for all simulations in the main text.
The Exact Diagonalization calculations are performed ex-
ploiting the full translational, pointgroup and spinflip symme-
try. We thus work in the basis of generalized Bloch states of
the form
|~σsym〉±flip,ρ,~k =
1
N
∑
s=±
∑
p∈LG~k
∑
~t
χ±flip(s)χρ(p)ei
~k·~tS ◦ P ◦ ~T (|~σ〉)
where ~k is the momentum, s denotes the spinflip operation,
χ±flip(s) the character of even or odd spinflip symmetry char-
acter, p ∈ LG~k a point group element in the little group of
~k and χρ(p) the character of a representation ρ of the little
group. This gives a valid basis for all one dimensional rep-
resentations ρ of the pointgroup. The two dimensional rep-
resentations are considered via working with a corresponding
one dimensional representation of a reduced Little group. For
further details see [58]. We use the standard Mulliken nota-
tion [59] for labeling the representations of the point group.
For the dihedral group we have the representations A1, A2,
B1, B2, E1, E2. A1 and A2 are trivial under rotations and A2
is odd under reflections. B1 and B2 are odd under 180◦ rota-
tions. E1 and E2 are two dimensional representations which
split up into the one dimensional E1a, E1b and E2a, E2b of
the cyclic C6 subgroup corresponding to ±pi/3 angular mo-
mentum. The E1a, E2a and E1b, E2b representations are not
degenerate without time-reversal symmetry as for Jχ > 0 in
the main text and are then considered seperately.
Anderson Tower of states for magnetic orders Magnetic
orderings break continuous SU(2) symmetry of the original
Heisenberg model. The breaking of continuous SU(2) sym-
metry implies a so called Anderson tower of states [42] whose
excitation energies collapse as 1/Ns to the groundstate energy
in the thermodynamic limit. They then form the manifold of
degenerate groundstates in the thermodynamic limit and ap-
pear as low lying excitations on finite cluster size energy spec-
tra. The quantum numbers of these states can be predicted by
group representation theory. For the 120◦ and stripy order this
has been done in Refs. [33, 60]. The method we used to re-
produce their results and calculate the tower of states for the
tetrahedral order is presented in Appendix B of [43]. The irre-
ducible representations of these states in our notation for small
total spin S is given in table I.
120◦ Ne´el stripy order tetrahedral order
S Γ.A1 Γ.B1 K.A1 Γ.A1 Γ.E2 M.A Γ.A Γ.E2a Γ.E2b M.A
0 1 0 0 1 1 0 1 0 0 0
1 0 1 1 0 0 1 0 1 0 0
2 1 0 2 1 1 0 0 1 1 1
3 1 2 2 0 0 1 1 2 0 0
TABLE I. Multiplicities of irreducible representations in the Ander-
son tower of states for the three magnetic orders on the triangular
lattice defined in the main text.
FIG. 7. Parton ansatz for the DSL Gutzwiller projected wavefunction
and parton bandstructure as in Refs. [38, 51]. Solid (dashed) lines
denote real hopping with amplitude +1 (−1).
8FIG. 8. Spectral decomposition of several model wavefunctions on
the Jχ = 0 line. The diameter of the poles is proportional to the
squareoverlap | 〈ψED|ψModel〉 |2. Top Left: overlaps with Dirac spin
liquid wavefunction. Top right: overlaps with the groundstate of the
Γ.A1 sector. Bottom Left: overlaps with the groundstate of the Γ.E2
sector. Bottom Right: overlaps with the groundstate of the Γ.A2
sector.
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FIG. 9. Comparision of connected dimer-dimer correlation functions
and static spin structure factor between DSL and ED groundstate.
We see good agreement for the dimer-dimer correlations but slight
deviations in the spin structure factor due to the onset of stripy order
in the ED groundstate.
